In neonatal or congenital lymphocytic choriomeningitis (LCM) virus carrier mice, low numbers of T lymphocytes were always infected, but attempts to infect resting or stimulated T lymphocytes in previously uninfected adult mice have consistently failed. Only T cells in newborn mice were susceptible to LCM virus and their infection persisted when the animals grew older. Infectibility declined with increasing age of the mice. Initially, the majority was demonstrated among thymocytes, but later more splenic cells were infected. In contrast to neonatal carrier mice, in drug-induced carriers (in which persistent infection had been established later in life by immunosuppression after infection) spleens and thymi contained initially no or a few infectious T lymphocytes; their numbers increased with the age of the mice but remained relatively low and erratic. We follow the hypothesis that LCM virus-specific immunological tolerance of carrier mice is due to age-dependent virus susceptibility of T lymphocytes and propose that murine T lymphocytes in general lack viral receptors for LCM virus, but that the few that carry LCM virus-specific immunological receptors bind the virus. If this occurs during an early stage of cellular development, infection results and functional inactivation is the consequence.
INTRODUCTION
Mice carrying lymphocytic choriomeningitis (LCM) virus as a persistent infection are unable to eliminate the virus immunologically. This is probably due to LCM virus-specific T cell tolerance, which is usually explained in immunologic terms. We propose an alternative. Based on the findings that small numbers of T lymphocytes in neonatal and congenital carrier mice are infected (Popescu et al., 1977 (Popescu et al., , 1979 Doyle & Oldstone, 1978) and that susceptibility of these cells depends on the animals' age (Tijerina et al., 1980; this communication) , we hypothesize that early in their development LCM virus-programmed T lymphocytes are selectively infected via their immunological receptors and that this results in their functional inactivation.
METHODS
Mice. CBA/J mice were purchased from Dr Ivanovas Ges. med. Versuchstierzuchten mbH, Kisslegg, F.R.G. and NMRI (colony bred) mice from Zentralinstitut ffir versuchstiere, Hannover, F.R.G.
Virus. The WE strain of LCM virus (Rivers & Scott, 1936 ) was used after it had been plaque-purified three times (Popescu & Lehmann-Grube, 1976) . It was propagated and assayed as plaque-forming units (p.f.u.) in L cells (Lehmann-Grube & Ambrassat, 1977) . In other publications from our group, viral infectivity has been expressed as mouse infectious units, which are ten times higher.
Infectious centre (IC) assay. Our method for determining cell-associated viral infectivity has been described (Popescu et al., 1979; Tijerina et al., 1980) . Details of importance in the present work are as follows. Monoclonal anti-Thy-1.2 antibody was purchased from New England Nuclear, Dreieich, F.R.G. Anti-LCM virus antiserum wasobtained from rabbits (Gschwender et al., 1976) . Its neutralizing titre, determined in a plaque reduction assay, was 5000. Cells were dispersed and, in the case of the spleen, phagocytic elements removed with a magnet after they had taken up carbonyl iron (Kuper et al., 1961) . The concentration was then adjusted to 4 x 106 trypan blueexcluding nucleated cells. To remove T lymphocytes, the cells were held for 30 min at 37 °C with suitably diluted anti-theta antibody plus guinea-pig complement. They were washed and incubated for 1 h at 37 °C with anti-LCM virus antiserum at a final dilution of 1 : 10 in order to neutralize free virus. They were washed again twice and were resuspended in medium at a concentration of 2 x 106 cells per ml. If cell-associated virus was to be quantified, cells were treated with ultrasound (Sonifier B12; Branson Sonic Power Co., Danbury, Conn., U.S.A.) under conditions known to disrupt the cells but not to inactivate the virus. Intact or sonicated cells were diluted and transferred onto L cell monolayers for plaque assay.
Determination of numbers of infectious T lymphocytes.
Two methods were employed. One was the counting of IC after treatment of cells with anti-theta antibody plus complement. The loss in comparison with the means of controls (IC of complement-only-, antibody-only-, and medium-treated cells) was considered equivalent to the number of infectious T lymphocytes present. The justification for this approach was previous findings showing that cells had to be viable in order to score as infectious (Popescu et al., 1979) . Alternatively, cells were sonicated and the difference in infectious units before (IC) and after (p.f.u.) disruption was taken as an estimate of the number of infectious T lymphocytes. For this, the rationale is as follows. Lymphoid cells from carrier mice lose their infectious potential upon sonic disruption (Doyle & Oldstone, 1978; Popescu et al., 1979) . This property was utilized after it had been shown that it applied to infectious T lymphocytes. Newborn mice were infected and at intervals infectivities of thymus and spleen cells were determined with and without prior treatment with anti-Thy-1 antibody plus complement, either otherwise intact (IC) or disrupted by ultrasonication (p.f.u.) ( Table 1 ). The essential finding in this experiment is that numbers of p.f.u, were closely similar, whether obtained from total cells or from cells remaining after removal of theta-bearing ones, and we conclude that all T cells had lost their infectivity by disruption, meaning that they had not contained infectious virus that could be released. As in all experiments of this kind, even after removal of macrophages (known to replicate the LCM virus), cells not expressing theta antigen scored as IC. In acutely infected adult mice, too, such elements appeared for brief periods of time (Tijerina et al., 1980) . Their numbers were small and we did not succeed in identifying them. In the present context, infectious cells not bearing theta antigen may be considered background, presumably consisting of mononuclear phagocytes that had escaped iron treatment and perhaps also contaminating endothelial ceils and fibroblasts, but not of infectious T lymphocytes. In the experiment summarized in Table 1 , the infectious state of these background (non-T cells) IC varied. Throughout the period of observation, in the thymus disruption of infectious cells that had remained after removal of T lymphocytes ted to increases of infectivity, while in spleens the effect depended on age. In mice older than 3 days, destruction of cells carrying background infectivity resulted in decreased numbers of infectious units. In other similar experiments, non-T cell infectivities in spleens or thymi were not greatly affected by cellular disruption, and we conclude that loss of infectivity of lymphoid cells due to sonic destruction is an approximate measure for numbers of infectious T lymphocytes. Since the reliability of information obtained with either of these procedures depended critically on absence of contaminating virus, considerable efforts were made to ascertain complete removal of virus, both free and loosely attached to cells. Also, the infectivity of intact or disrupted cells treated with normal rabbit serum instead of immune serum was always assayed in parallel. Infectious units thus determined were always about ten times higher; one example is given in Fig. 3 .
Monitoring of morphological and functional integrity of cells in cyctophosphamide-treated carrier mice.
In order to allow a meaningful interpretation of results obtained with cyclophosphamide carriers (Cole et al., 1971 ; Gilden et al., 1972a) , it had to be ascertained that drug effects other than the inability to remove the LCM virus were no longer demonstrable. Our procedures for counting spleen and thymus cells, determining the proportion of T lymphocytes, and evaluating the morphologic status of lymphoid organs have been described (L6hler & LehmannGrube, 1981) . With respect to cytotoxic T cell responses against allogeneic tumour cells and footpad reactions against sheep red blood cells, we followed standard protocols (Cerottini & Brunner, 1974; Mackaness et al., 1974) .
RESULTS

Susceptibility of T lymphocytes in newborn mice
A proportion of the T lymphocytes taken from congenital or neonatal LCM virus carrier mice scores as IC (Popescu et aL, 1977 (Popescu et aL, , 1979 Doyle & Oldstone, 1978) . Further observations are presented in Fig. 1 and 2. NMRI mice were infected when less than 24 h old and numbers of infectious spleen and thymus cells were determined at intervals before and after treatment with Fig. 1 ; data from thymus were obtained in parallel.
anti-Thy-1 antibody and complement; data for spleens are shown in Fig. 1 . These, together with similar ones for thymi (not shown), were then used to calculate total numbers of infectious T lymphocytes per 106 viable nucleated cells for each organ (Fig. 2) . Peak concentrations were attained around the fifth day. Initially, more infectious T lymphocytes were detected in thymus, but their numbers soon declined, and when the animals were 5 weeks old and older, they were not usually found in this organ. In contrast, infectious T lymphocytes in spleens remained constant and only in ageing mice was there some reduction (not shown).
The conclusion that in newborn mice small numbers of T lymphocytes participate in the infectious process seemed important enough to warrant a search for independent evidence. For this the experiment depicted in Fig. 1 was repeated in part. However, instead of counting infectious T lymphocytes by their ability to bind anti-theta antibody, they were detected on the basis of loss of infectivity upon sonication. Since this treatment has also some effect on the titre of background (non-T cell) infectivity (see Table 1 ), the difference between numbers of infectious units before (IC) and after (p.f.u.) sonication is only an approximate value for infectious T lymphocytes. Keeping this in mind, the results (Fig. 3) confirm the ones presented in Fig. 1 and Table 1 . Again, initially few, if any, T spleen ceils were infected but their numbers increased, and on the fourth day and thereafter there were consistently fewer p.f.u. (contributed by the background) than IC. In Fig. 3 we have also depicted data for spleen cells treated with normal rabbit serum instead of anti-LCM virus antiserum; values for both IC and p.f.u, were consistently higher by one lOgl0 or more. This experiment was repeated with NMRI mice with essentially the same results (not shown).
Effect of age of mice on virus susceptibility of T lymphocytes
The rate of loss of susceptibility of T lymphocytes to LCM virus with time after birth has previously been demonstrated and was found to be surprisingly fast (Tijerina et al., 1980) . In these earlier experiments infectious T lymphocytes were identified by loss of infectivity due to treatment of cells with anti-theta antibody plus complement. In the present study we utilized reduced infectivity after sonic disruption (see above); only the spleen was thus investigated. When analysing the data (Fig. 4) , it must be kept in mind that infectious non-T cells exist in infected mice independent of age (see Tijerina et al., 1980; and above). Hence, infectious T lymphocytes cannot thus be counted below a certain number. In the experiment depicted in Fig.  4 this threshold of detectability was reached when mice were infected at age 4 days; T lymphocytes appearing in animals younger than this were readily found. For older mice we can only say that numbers were small and hidden by the p.f.u, contributed by infected non-T (background) cells. Despite these limitations, however, the present results are fully compatible with our previous conclusion, namely, that T lymphocytes develop resistance to LCM virus when mice grow older. This experiment was repeated with CBA/J mice with essentially the Same results (not shown).
Lack of susceptibility of T lymphocytes in acutely infected adult mice
All our experiments show quite clearly that T lymphocytes in adult mice cannot be infected by LCM virus. This conclusion contradicts Doyle & Oldstone (1978) who did not observe agedependent differences of susceptibility. We, therefore, have performed additional experiments. Attempts to infect thymus cells in situ have failed; direct inoculation of LCM virus into thymi of young adult mice did not result in the appearance of IC that could be removed by treatment with anti-theta antibody plus complement (data not shown).
Whether activation of T lymphocytes in adult mice would lead to heightened susceptibility was investigated as follows. In a preliminary experiment, CBA/J mice received intravenously l0 s spleen cells from (CBA/J x NMRI) F1 hybrids. At closely spaced intervals the appearance of blast cells was determined in the recipients' spleens by histological inspection. Peak responses were seen on day 5. On the basis of this information, the actual experiment was performed by inoculating CBA/J mice with hybrid cells as specified above, followed 4 days later (also intravenously) by 103 p.f.u, of LCM virus; IC in spleens and p.f.u, in spleen homogenates were then determined at intervals (Fig. 5) . As in all experiments of this kind, low numbers of cells scored as infectious, but noteworthy differences were not found and we conclude that immunological activation of T lymphocytes in adult mice does not increase their infectibility. In the spleens of cyclophosphamide-induced carrier mice, adoptively immunized by inoculation of lymphoid cells from LCM-immune syngeneic donors (Gilden et al., 1972b) , enormous blast cell responses occur well before virus concentrations begin to decline (unpublished) . Assuming that at least some of these blasts are immunologically transformed T lymphocytes with specificity for LCM virus antigen, this protocol seemed suited to answer the question whether LCM virus-programmed T !ymphocytes in adult mice triggered by infectious LCM virus would undergo infection. The results of this experiment were negative, meaning that during 4 days after transfer of 10 s spleen cells from LCM-immune syngeneic donors the numbers of IC remained constant, around 10 per 106 nucleated viable spleen cells, although parallel titrations of spleen homogenates revealed virus concentrations of more than 107 p.f.u, per g of tissue for each interval tested (details not shown).
Infectious T lymphocytes in cyclophosphamide-induced carrier mice
Young adult NMR/mice were infected by intracerebral inoculation of virus. Three days later they received intraperitoneally cyclophosphamide at 150 mg/kg. (CBA/J mice could not be employed because many drug-induced carriers died with an unexplained wasting syndrome.) Four weeks after infection, nucleated cells were counted in thymi and spleens of five infected mice, and the proportions of theta-bearing elements in spleens were determined; in comparison with untreated controls the values were normal. Also normal was the histological appearance of both these organs in four infected mice (data not shown). As a control for general immune competence, anti-H-2 d cytolytic T cell responses (induced and assayed with P815 cells) were tested in cyclophosphamide carriers 6 weeks after their infection and were found to be indistinguishable from control mice (data not shown). With respect to delayed-type hypersensitivity directed against sheep red blood cells, footpad responses were about the same for carriers and controls when measured 24 h after elicitation, but the values at 30 h were somewhat higher in uninfected mice (not shown). In spite of this slight difference, we deduce that the immune system in cyclophosphamide-induced NMRI carrier mice had returned to normal 4 to 6 weeks after infection (except, of course, for being unable to eliminate the LCM virus). We then searched for infectious T lymphocytes in thymi and spleens of three such carriers, 4 weeks after infection, and in three more, 6 weeks after infection, and found few or none. In two further series of experiments, mice were investigated at longer intervals (Table 2 ). Seven weeks after infection and thereafter a few infectious T lymphocytes were consistently detected in thymi, while in spleens such cells appeared irregularly in varying numbers.
DISCUSSION
As a rule, resting lymphocytes cannot be productively infected by viruses. Hence, it is not at all surprising that non-activated murine T lymphocytes in adult mice are resistant, as all our data show. However, even immunological activation did not render such cells susceptible, which is most easily explained by lack of viral receptors. Independent attempts to demonstrate adsorption of LCM virus onto murine T lymphocytes by employing virological methods have consistently failed (unpublished), and we conclude that receptors for LCM virus are absent from murine T lymphocytes. On the other hand, a few T lymphocytes must be assumed to express (immunological) receptors for LCM virus surface antigens. If such cells make contact with infectious virus (probably carried by some presenting cell), they are likely to be triggered into blasts and infection should proceed. Thus, if the mere existence of LCM virus (immunological) receptors on T lymphocytes permitted their infection, one would expect in acutely infected adult mice a certain number of such cells (if only for a short period of time) to score as IC; this was never observed. Perhaps they escaped detection, either because of small numbers or of limited life spans. However, even among the blast cells appearing in the lymphoid organs of adoptively immunized cyclophosphamide carrier mice (these cells probably at least in part resembling T lymphocytes specifically triggered by infectious LCM virus), infection of cells bearing theta antigen could not be demonstrated; we conclude that T lymphocytes, be they resting or proliferating, cannot be infected via their immunological receptors in untreated adult mice.
In contrast, in very young mice, a few T lymphocytes were susceptible and hence capable of adsorbing the virus. Several explanations are possible, but a hypothesis is favoured in which it is assumed that inability of neonatal or congenital carrier mice to express cell-mediated immunity specific for LCM virus results from the infection of and the functional inactivation of T lymphocytes. We postulate that murine T cells lack virus receptors and bind the virus via receptors for LCM viral surface antigen(s), which accounts for specificity, and since only very young mice become carriers and since only T cells in very young mice are susceptible, it is proposed that infectibility is restricted to a developmental stage of these cells at which antigen receptors are functioning, yet at which full maturity has not been attained. These are properties of thymocytes, and data presented in this communication as well as by Popescu & Ostrow (1982) allow the presumption that infection occurs in the thymus. Furthermore, in keeping with generally accepted rules, we assume that the first step is presentation of the virus to LCM virusprogrammed T lymphocytes by cells whose normal function it is to offer antigen (LehmannGrube et al., 1983) .
It has repeatedly been demonstrated that an inverse relationship exists between the age of the mouse at which it is infected with LCM virus and survival with virus persistence (for review, see Lehrnann-Grube, 1971) , and further experiments with presently employed mice and presently employed virus have revealed a striking correlation between decreasing numbers of infectious T lymphocytes and decreasing incidence of persistent infection, when mice were infected at intervals after birth (unpublished) . While this finding is compatible with our hypothesis, support comes from the observations on cyclophosphamide-treated carrier mice. Phenomenologically, these animals closely resemble congenital or neonatal carriers (Cole et al., 1971; Gilden et aL, 1972a) , although the underlying mechanisms are probably quite different. Whereas in the latter animals newly appearing LCM virus-specific T lymphocytes are rendered inactive, the protocol of Cole and his associates (1971) makes use of mice whose immunological competence is fully developed, meaning that existing cells are incapacitated. In all probability these are truly eliminated by being first triggered immunologically by the virus and subsequently destroyed cytotoxically by the drug. If this is indeed the mechanism by which treatment with cyclophosphamide allows virus to persist, and if our hypothesis is correct that only LCM virusprogrammed relatively immature T lymphocytes are susceptible, then drug-induced carrier mice should initially be free of infectious T lymphocytes. Later, such cells representing LCM virusprogrammed T cells newly emerging from stem cells are likely to appear. Considering the great experimental variation in our results, contributed by the mice as well as the assay system, our data conform with both these expectations. Of course, the presently available evidence does not constitute formal proof, which requires demonstration that selective removal of LCM virusprogrammed T lymphocytes leads to removal of infectible T lymphocytes. Such experiments are under way. At the present time we can only state that all our experimental findings are compatible with the hypothesis.
Several modes of interaction between lymphocytes and viruses have been described and analysed, but to our knowledge the present findings represent the first example of susceptibility restricted to some developmental state of a particular cell. Also unusual is the mode of interaction between agent and T lymphocyte. Apparently, the LCM virus persists for months without impairing cellular vitality. Infectivity cannot be activated by treating the cells with mitogens (Doyle & Oldstone, 1978 ), yet they score as IC on L cells, although this has been shown not to be due to alloantigen-induced activation (Popescu et al., 1979) . Perhaps virus is continuously produced and released at an unusually slow rate. Work now in progress is directed at answering these and related questions.
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